Abstract-in this work, designs for planar, interdigitated circular electrode structures for cell membrane permeabilization procedures are analysed using finite element method analysis. The generated electric field intensity, homogeneity and the Joule heating are evaluated. The optimal electrode configuration for successful transfection procedures is investigated. Based on the simulation results, an optimized design for the electrodes, suitable for the investigation of the permeabilization thresholds during electroporation is proposed. The Joule heating influence simulation results are validated experimentally.
I. INTRODUCTION
Electroporation or electro-permeabilization is a biomedical technique to transfer molecules into cells based on the phenomena of the transient permeability increase of the cell membrane [1, 2] . The increased permeability state of the cell is induced by a pulsed electric field treatment, which results in the formation of hydrophilic pores in the plasma membrane [3] . As a result the technique has found application for transport of molecules for which the membrane is initially impermeable [4] .
However, the biophysical mechanisms of electroporation are still under debate, the lifetime of permeabilized state is being studied and the factors, which influence the treatment efficacy are also investigated [5] . Currently, there are reports, which show that the efficacy of electroporation and the viability rate of the cells are dependent on the electric field strength, pulse duration and pulse polarity [6] [7] . However, dependent on the cell type, tissue or buffer the parameters vary, which creates a motivation for study of the permeabilization process in detail.
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common techniques include the application of fluorescently labeled molecules, measurement of conductivity changes due to changes in ionic concentrations and cell sorting techniques based on polarization such as dielectrophoresis (DEP) [8] [9] [10] . Generally, the most dominant method is the labeling of specific molecules and their injection into living cells. Typically, substances such as fluorescent dyes are loaded into the cells [11, 12] . The cells are put into a cuvette with electrodes and after pulsing procedures the release or loading of the dye is observed [13, 14] .
The majority of available electroporation systems use a standard 0.5 -4 mm electrode gap cuvette with metal electrodes. One of the major issues using this method is the post-electroporation state observation due to the required cell handling from the cuvette to the microscope slide. Observation of the dye release dynamics is not possible during pulsing procedures. Therefore, possible implementations of planar microfluidic devices applicable for electroporation have been addressed [14 -16] . Even though it is still difficult to study fast, nanoscale pore formation dynamics using real-time fluorescent microscopy, the planar electrode structures proved to be advantageous for electroporation experiments [14, 17] . The development of drug delivery embedded systems has started [14, 18] . However, the increased complexity of fabrication, small handling volumes and the electric field nonhomogeneity issues are faced as a trade-off. Also, due to the same issues the scientific coverage of the planar electroporation is currently very limited. The novel and open problem of planar electrode application feasibility in electroporation still exists.
In 2011 Huang et al. proposed a planar interdigitated electrode structure for electroporation, which was applied for targeted delivery of siRNA [15] . The 100 µm electrode fingers with 500 µm electrode gap have been fabricated using patterned gold (300 nm thickness) on glass with chrome layer for gold adhesion [15] . The electrodes proved to be effective for planar electroporation. However, the analysis of electrode parameters such as thickness, electrode gap, finger width and their influence on the generated electric field intensity, field homogeneity and the generated Joule heating has not been performed.
In the current work, a feasibility study of circular improved planar interdigitated electrode structures that can be applied in electroporation is performed. The electric field strength, electric field distribution homogeneity and Joule heating due to the inevitable buffer resistivity are investigated by 1 simulation. The optimal dimensions of the electrodes, the values of electrode thickness, width and gap between the fingers are studied and recommendations for future developments are presented. Application of finite element method (FEM) simulations and analytical approximation of the generated electric field in is a widely used methodology for investigation of the planar microelectrode structures [19] [20] [21] . Analytical approximations introduce additional parameter control and improved prototyping capabilities in the development of microchannels and electro-lysis devices [19, 20] .
In this work the FEM simulations are applied for development of the improved version of interdigitated circular electrodes. In order to reduce the price of the final electrode structure and increase the simplicity of fabrication the copper laser etching technique has been applied. The proposed and fabricated electrodes are cheaper, easier to replicate and are suitable for generation of the electric field with high homogeneity, while the Joule heating is limited.
II. THEORY
Electroporation is based on the application of high voltage pulses in order to generate a high intensity electric field in a fixed volume cell buffer medium. When the cell is subjected to the electric field the membrane acts as a capacitor and a potential difference (transmembrane potential) is induced between the cytoplasm and the outer buffer medium [22] . The Schwan equation is typically used for theoretical description of the induced transmembrane potential in a spherical cell (at steady state) [23] :
V T = 1.5Er cosθ, (1) where E is the strength of the applied electric field, r is the radius of the cell, θ is the angle between the direction of the electric field and a point vector on the cell surface. When the potential difference threshold value is achieved the formation of transient nanoscale pores is observed.
As can be seen from Eq. 1 V T is proportional to the electric field magnitude. Therefore, in order to achieve high repeatability of experiments and ensure equal electroporation effect to the cells in a buffer solution the precise generation of a homogeneous field must be implemented. As a rule a switchcontrolled capacitor discharge through a cuvette with metal electrodes is used. The same methodology is applied when planar electrode structures are used as a load. The block diagram is shown in Figure 1 . The planar electrodes can be mounted directly under a fluorescence microscope for realtime investigation of the dye release dynamics.
One of the biggest challenges with planar electrodes is the generation of a homogeneous electric field. Evaluation of the electric field distribution should always be performed. Estimation of the electric field in any given point for a 2D electrode array using an analytical solution can be based on the conformal mapping between Cartesian and cylindrical coordinates as proposed by Garcia and Clague [24] . The components of the electric field for a sequence of (2n + 1) electrodes indexed using i = [-n, (-n + 1) … (n -1), n] and the corresponding applied potentials φ i (t) can be approximated as [24] :
where (X,Y) denotes a Cartesian coordinate system with an origin in the centre of interval i = 0; (u,υ) are Cartesian coordinates normalized to half of electrode width ω; G is the radius to the zero field plane and ρ i are radii from the origins of cylindrical intervals i to field point, both in cylindrical space. Radius G, at which potential is assumed to be zero depends on electrode configuration and can be found using [24] :
where h is the distance to the ground plane in Cartesian space.
In addition to electric field generation a Joule heating issue arises when current is flowing through the cell buffer [25] . However, performing thermal measurements in planar microfluidic structures is a complex task. Implementation of probes may disturb the properties of the setup and the treatment [26] . Therefore, analytical approximations are frequently applied. The amount of heat generated is proportional to the time over which the signal is applied, and the square of the current flowing through the medium:
However, evaluation of the temperature rise during each pulse also requires the knowledge of either the applied voltage or the resistivity of the medium. Evaluation of heat dissipation requires information about the electrode geometry and convection parameters. In order to estimate all of these influencing factors it is convenient to apply finite element method analysis. Simulation is advantageous because it allows comparing the result in a wide range of parameters [27] .
III. FINITE ELEMENT METHOD ANALYSIS
Finite element method analysis has been performed using COMSOL Multiphysics software. Factors influencing both the electric field distribution and Joule heating effects were determined. In the simulations the free triangular mesh was used with a minimum and maximum finite element size of 0.5 µm and 0.37 mm, respectively. The minimum size is influenced by the geometry of the electrodes. The simulation includes an air container (4 mm x 10 mm), where the electrode structure is introduced (copper electrodes on FR-4 substrate). The thickness of FR-4 substrate is 1 mm. The 0.1 mm thick glass coverslip is used to cover the electrodes and the medium.
Implementation of glass or PDMS slides as a substrate is also applicable and does not have significant influence on the results of the simulation due to similar dielectric constants in the [3.5 -6] range [28, 30] . The "electrical currents" and "Joule heating" physics have been chosen for simulation model in the COMSOL environment, which influenced the respective equations applied in the analysis.
The configuration of the electrodes and the respective typical voltage potential distribution in XY and YZ planes are shown in Figure 2 . The use of sharp angles or corners in the electrode structures should be limited as much as possible to prevent high field gradients. Therefore, it was decided to use a circular interdigitated electrode structure. The summary of the simulation parameters is shown in Table 1 .
As it is shown in Figure 2 , the distribution of the electric potential is identical between the fingers or mirrored with a mirror plane in the centre of the array, therefore the analysis results of only two fingers will be presented further in the work. The electric field distribution between two electrode fingers when a potential of 100 V is applied is shown in Figure 3 .
As can be seen in Figure 3 the electric field is in the 1 -3 kV/cm range, which is applicable for reversible electroporation procedures [1, 3] . However, the nonhomogeneity of the electric field distribution will negatively affect the biological experiments, introducing additional uncertainty to the results. As shown in Figure 3 the region with high electric field homogeneity (557 -650 µm) is suitable for planar electroporation (E = 2 kV/cm), however it is convenient to increase the segment as much as possible. A trade-off between the effective volume of effect and the homogeneity of the field must be reached. In order to address this issue the influence of electrode gap and thickness on the distribution of the electric field was studied. The dependence of the homogeneity segment on the electrode gap is shown in Figure 4 . The segment has been determined as the distance between two points in the same plane, where the amplitude of the electric field does not vary more than 20%, 5% and 1% from the minimum value. The results indicate that a wider gap between the electrodes is advantageous for higher XY plane electric field homogeneity.
The minimum acceptable size of the required homogeneous region is limited by the size of the cells and the complexity of determination of the position of the cells in a homogenous region, which influences the uncertainty of the results. Due to dielectrophoretic movement of cells during pulsing the electrodes with the 50 µm gap are hardly applicable. At the opposite end of the scale, the 500 µm gap electrodes offer the widest homogeneity region, however as a trade-off the voltage applied would be significantly higher to achieve the same magnitude of electric field. If a <20% non-homogeneity rate is acceptable, the 250 -350 µm gap electrodes are optimal for cells <50 µm, providing a sufficient reserve in area for cell movement during pulsing. The acceptable electric field nonhomogeneity rate should be selected based on the cell size, type and the specifics of the experiments.
In order to evaluate the influence of metal layer thickness on the electric field distribution, a has been varied from 0.2 µm to 10 µm. The results are applicable for electrodes fabricated by metal deposition using photolithography and for PCB boards fabricated using etching techniques. The dependence of the electric field amplitude on the electrode thickness in both the XY and YZ planes is shown in Figure 5 . Only the marginal cases of electrode thickness are shown.
As it can be seen in Figure 5 the alteration of thickness in the 0.2 µm -10 µm range has no significant influence on the electric field homogeneity. However, the magnitude of the field is increased by 9% in the a= 10 µm case compared to the a = 0.2 µm configuration. Based on the result it was concluded that the applicability of electrodes is independent from the type of the fabrication process that was used.
Apart from the electric field generation the Joule heating issue arises when the current is flowing through the cell buffer. A simulation has been performed when a 100 V pulse of 500 µs duration was applied to the electrodes. The results of the simulation are shown in Figure 6 .
As can be seen in Figure 6 a temperature rise of up to 5 °C is expected after a 500 µs pulse. Several seconds are required for the cell medium to cool down. The electroporation experiments as a rule are performed in room temperature, however even though the thermal influence due to pulsing is short term, temperatures above 37 °C could distort the experimental results. Therefore, maximum pulse number and repetitive frequency limitations must be introduced for each specific electrode configuration.
Also the Joule heating can be minimized if a highimpedance cell medium is used. However, cell medium type limitation will negatively influence the applicability of the electrodes, therefore all of the simulations have been performed with highly conductive medium ( Table 1) .
Based on the simulations it was decided that the circular interdigitated electrodes configuration is applicable for the electroporation studies. The structure offers separate instances with the same or mirrored electric field distribution, which implies that better statistical analysis of the experimental results can be performed. The homogeneity region can be 
IV. ELECTRODE DESIGN
It was decided that the electrode geometry with 300 µm gap is optimal due to the relatively wide >130 µm homogeneity region (>80% homogeneity, Figure 4 ). The width of the electrode fingers is 100 µm. The design of a circular electrode array with 6 set of electrode is shown in Figure 7 .
The structure has been fabricated on a PCB copper board using laser etching. The thickness of the copper layer is equal to 7 µm. The dimensions of the final chip are 5.5 cm x 3.3 cm. One of the biggest advantages of using FR-4 and etching to form the electrodes is the simplicity and low price of the production. However, certain limitations for fluorescence study will apply, such as a requirement of a direct light source for fluorescence excitation. For the inverted fluorescence microscopy the glass or PDMS substrates are desirable.
The Joule heating influence has been evaluated experimentally. The developed electrodes have been connected to a controlled width square wave electric pulse generator and the conductivity change measurement methodology has been applied [31] . As a medium distilled water (high impedance) and 0.9% NaCl solution (low impedance) have been used. Based on the difference in the pulsed current during the pulse the conductivity change and the respective temperature changes have been evaluated. The 100 µs and 500 µs pulses were used. The results are presented in Figure 8 .
As shown in Figure 8 the difference in pulsed current during 100 µs pulse is <1%, which implies that the temperature rise can be neglected. However, during the longer pulse, there 8.9% difference is present, which corresponds to 3-4 °C temperature rise [32] . The experimental data is in acceptable compliance with the simulation results.
V. CONCLUSION
Application of planar electrodes in electroporation allows real-time microscopic analysis, which benefits studies focused on an investigation of the transmembrane potential and permeabilization dynamics. In this study using FEM it has been shown that, in order to acquire a homogeneous region of electric field a trade-off between the electrode gap size and the resultant generated homogeneous electric field region must be made. The thickness of the electrodes does not have significant influence on the homogeneity, which introduces additional freedom for fabrication process. Based on the FEM analysis a planar interdigitated electrode structure has been designed and fabricated as a printed circuit board using direct laser etching. Future studies will involve application of the developed structure in electroporation experiments for investigation of the permeabilization dynamics of biological cells. For long term experiments gold electroplating is advised in order to improve the biocompatibility of the electrodes. 
